Molecular fingerprints of chromosomal genotypes in Salmonella typhimurium were generated by analysis of variation at the 16s vrn gene loci and the sites of the insertion sequence IS200. Genetic and reference strains of S. typhimuvium were compared with clinical phage type strains from cases of human salmonellosis. Three 1 6 s rrn profiles, one of which was predominant, were found. The copy number of the SaZmonelZa-specific insertion sequence IS200 varied from 6 to 12, and all insertions were chromosomal. Three of the insertion sites shared by all strains were serovar-specific for S. typhimurium. Thirteen distinct profiles of IS200 were detected, providing a high level of intraserovar strain discrimination. Profiles were generally more conserved among genetic and reference strains ; representatives of clinical phage type strains, which are recent human isolates, showed much greater diversity of IS200 profiles. Irrespective of their origin, strains could be assigned to IS200 profile groups, phylogenetically related lines identified by combinations of conserved insertion sites. Hybridization profiles of this mobile element are markers of intermediate and short-term evolution in S. typhimuvium. They provide a fingerprinting scheme for the purposes of genetics, and delineate a molecular typing scheme for the purposes of epidemiology.
Introduction
Bacteria of the genus Salmonella are classified by DNA hybridization and numerical phenotypic taxonomy into seven subspecies (Le Minor, 1988) . By serotyping the somatic and flagellar antigen profiles, over 2000 serovars can be distinguished, of which about 40 are isolated in significant numbers as human pathogens in any one year . A particularly common serovar causing salmonellosis in humans is 5'. typhimurium, a globally distributed zoonotic serovar which is common in both cattle and poultry.
Certain strains of S. typhimurium have historically also been the subject of intensive genetic analysis. These are descended from original phage types as defined by Lilleengen (1948) . Lilleengen type (LT) strains were used by Zinder & Lederberg (1952) and by Demerec et al. (1955) in classical studies of genetic exchange. The majority of mutants currently used for genetic analysis of the S. typhimurium chromosome are derivatives of strain LT2 (Sanderson & Stocker, 1987 (1983 a) identified a small DNA insertion sequence, IS200, which they demonstrated was specific to the genus Salmonella. Six insertion sites of IS200 were mapped around the LT2 chromosome in relation to a set of random insertions of TnlO (Lam & Roth, 1983b) . The 708 bp nucleotide sequence of the element has been described, and it constitutes the smallest known bacterial insertion sequence (Lam & Roth, 1986; Galas & Chandler, 1989) . It was subsequently suggested that IS200 is present in Shigella (Gibert et al., 1990) but further investigation traced this to small regions of homology with two Shigella insertion sequences (Gibert et al., 1991) and IS200 may still be considered specific to Salmonella. Studies of the copy number and location of IS200 (the 'IS200 profile') have been made for certain Salmonella serovars of public health significance. These IS200 profiles were well conserved, and had both phylogenetic and epidemiological significance in S. enteritidis, S . berta and S. heidelberg (Stanley et al., 1991 (Stanley et al., , 1992a .
The established subtyping method for epidemiological investigations of human and animal salmonellosis outbreaks is phage typing, which discriminates phenotypically at the intraserovar level . The S. typhimurium typing scheme of Callow (1959) has now been extended and more than 200 ' definitive phage types', DTs, have been identified (Anderson et al., 1977a) . In 1990 and 1991 the most common phage type amongst strains of S. typhimurium isolated from humans in England and Wales was DT 193, whilst other phage types of major epidemiological importance were DTs 49, 104, 208, 12, 108 and 170 (Laboratory of Enteric Pathogens, unpublished results) . Further differentiation within phage types has been achieved by plasmid characterization (Willshaw et al., 1980) or plasmid profiling . However, genotypic relationships between strains of these phage types have never been analysed. Similarly, the evolutionary relationships between genetic strains of S . typhimurium and naturally occurring pathogenic isolates of the serovar remain unknown. The comparative analysis of molecular markers of genotype for both groups would offer significant new information.
Certain phage types of S. typhimurium are important hosts for plasmids encoding multiple drug resistance. If such strains infect humans, the clinical usefulness of therapeutic antibiotics may be compromised (Threlfall et al., 1992) . Molecular fingerprinting of the S. typhimurium chromosome may also provide precise background information against which to define the evolution, lateral transfer and dissemination of antibiotic-resistance plasmids.
We have investigated the copy number and location of IS200 in genetic/reference strains and human clinical isolates of the most common phage types of S. typhimurium, and compared this information with data for restriction fragment length polymorphism (RFLP) around the 16s rRNA gene ( r m ) loci. There are three aspects which emerge from this study. Firstly, a molecular fingerprint of the chromosomal genotype is provided for strains of S. typhimurium. Secondly, evidence is provided that the transposable IS200 element provides a time-branching index of short-term evolution in this serovar. Thirdly, the outline of a molecular typing system for clinical isolates is provided. These three aspects offer novel insights into the molecular genetics, phylogenetics and epidemiology of S. typhimurium.
Methods
Bacterial strains and culture conditions. Strains of S. typhimurium used in this study were from the culture collections of the National Collection of Type Cultures and the Laboratory of Enteric Pathogens and are listed in Table 1 . S. typhimurium LT2 was used as a control in the hybridization studies. Stock cultures were maintained on Dorsetegg agar slopes at 20 "C. Strains were grown in nutrient broth for DNA isolation, and purity was checked on blood agar plates.
DNA techniques. Plasmid DNA of S. typhimurium was analysed by the method of Kado & Liu (1981) . Plasmid pIZ45 was purified according to standard methods (Sambrook et al., 1989) . A 300 bp probe fragment internal to IS200 was amplified from the 620 bp PvuII fragment of pIZ45 by the polymerase chain reaction (PCR) employing forward and reverse sequencing primers. A probe for restriction site variation in and around the 16s rrn genes was generated by PCR employing as primers the sequences S'GCAACGCGAAGAACCTT-ACC3' and 5'GGTTACCTTGTTACGACTT3', nucleotides 966-985 and 1492-1510 of the Escherichia coli rrnB gene (Brosius et al., 1978) . A PCR product of approximately 550bp was generated from S. typhimurium LT2 by standard methods (Innis et al., 1990) and verified on a Nusieve agarose gel (FMC Bioproducts, Flowgen Instruments). PCR products were separated from primers by centrifugal ultrafiltration (Millipore Ultrafree-MC ; 30000 NMWL unit) and labelled with 16-dUTP-biotin by random priming (Boehringer-Mannheim kit).
Genomic DNA was extracted from S. typhimurium by the method of Wilson (1987) , and 5 pg quantities were digested with PstI, PvuII, HincII or BgnI. Among these enzymes, which lack restriction sites within IS200, PstI provided the most characteristic profiles and clearest resolution of IS200 bands. Genomic restriction digests or whole plasmid DNAs were electrophoresed in 0.7 YO agarose, and vacuumblotted (LKB Vacu-gene apparatus) onto Hybond N nylon membranes (Amersham). Hybridization was performed by standard methods (Sambrook et al., 1989) . Hybridized filters were washed twice with each of the following: 2 x SSC/O*l% SDS for 5 min at 20 "C, 0.2 x SSC/O.l YO SDS for 5 min at 20 "C and 0.16 x SSC/O.l% SDS for 15 min at 60 "C. Hybridization reactions were visualized colorimetrically with the BluGENE reagent (Gibco-BRL). Copy numbers of IS200 were deduced from comparison of reproducible hybridization profiles for three enzymes. 1990, human, sporadic 1987, human, sporadic 1990, human, sporadic 1990, human, sporadic 1990, human, sporadic 1989, human, sporadic 1990, human, sporadic 1990, human, sporadic 1990, human, outbreak 
Results

16s rrn gene profiles
The optimal resolution of bands was obtained in genomic Southern blots made with PvuII, which lacks restriction sites within the 16s rrn gene. The three RFLPs found amongst all strains examined are shown in Fig. 1 . The most common 16s rrn gene profile was designated Stm-RI and consisted of six bands ( Fig. 1, track 3 ). It was shared by all of the naturally occurring phage type isolates and 13 out of the 16 genetic/reference strains. The second most common profile, designated Stm-RII (Fig. 1, track 2) consisted of five bands, and was shared by NCTC strains 73 and 9324. NCTC 5715 had a unique six-band profile (Fig. 1, track 1 ). Four PvuII bands (8, Fig. 1 . 16s rrn gene profiles of S . typhimurium. Genomic Southern blot made with PvuII, hybridized with a PCR-generated 550 bp probe internal to the 16s rrn gene sequence. Track 1, NCTC 5715; track 2, NCTC 73; track 3, NCTC 50185. These profiles were respectively termed Stm-RIII, Stm-RII and Stm-RI; cf. * Showed characteristics of hybrid profiles.
6.2, 4.5 and 3.5 kbp) were conserved across the three profiles. Stm-RII and Stm-RIII shared a 10 kbp band which was absent in Stm-RI and both lacked a 21 kbp band which was present in Stm-RI. The 16s rrn profiles of the strains are summarized in Table 2 .
Analysis of IS200 insertion sites and assignment of phylogenetically related ( I P ) groups
Genomic Southern blots made with PstI, BgDI, PvuII and HincII were probed for IS200 as described in Methods. PstI digests, which provided clear resolution of loci with IS200 band sizes ranging from 1.9 to about 24 kbp, were used for subsequent analysis. Hybridization data for the genetic/reference strain set are presented in Fig. 2 , and for the clinical phage type strain set in Fig. 3 . Three common PstI bands (4-8, 2-4 and 1.9 kbp) were observed in both sets of S . typhimuriurn. The minimum copy number of 6 (Fig. 2, track 3) was exhibited by six strains belonging to the genetic/reference set. The earliest isolated such strain was NCTC 3048, isolated in 1923, and the latest were NCTC 121 16 and NCTC 121 17, which are mutagenesis-testing strains derived from strain LT2 in 1983 (Maron & Ames, 1983) . The highest copy number of 12 was exhibited by one of the naturally occurring phage type strains, P226829 (DT 12) (Fig. 3, Fig. 2 . Conserved IS200 profiles found among genetic/reference strains. Genomic Southern blot made with PstI, hybridized with an internal fragment of IS200. Track 1, NCTC 74; track 2, NCTC 73; track 3, NCTC 3048 ; track 4, NCTC 571 1 ; track 5 , NCTC 12023. The IS200 bands of NCTC 50185 (cf. Fig. 3 ) are indicated on the right by arrows. Slight differences appearing in mobilities of certain common bands (e.g. the 4.8 kbp band in track 3), due to electrophoresis artefacts, were discounted by comparing several gels/blots.
track 2) and in general, IS200 copy numbers were higher in the clinical phage type strain set than in the genetic/reference strain set. The number and complexity of the profiles were reducible to related groups which we chose to term IP (insertion profile) groups. These groups are shown in Table 2 .
Three IS200 profiles were conserved among the genetic/reference strains (Fig. 2, tracks 2, 3,4 ) and there were two profiles of which only one example was found (Fig. 2, tracks 1 and 5) . The predominant profile was marked by two conserved IS200 bands (PstI: 3.2 and 7-1 kbp) and was termed IP1-0 (copy number n = 6; Fig.  2, track 3) . It was shared by 8/16 strains in the reference strain set. A laboratory derivative of LT2, NCTC 50185 (SL329 trp) had two extra IS200 sites (Fig. 2 , markers at right-hand side; Fig. 3, track 10 ). It represented a distinct line of descent from the clinical isolates (see below), and was included within IP1.0. A distinct profile shared by NCTC 73, NCTC 9324 and NCTC 5715 (n = 7; Fig. 2 , track 2) had characteristic insertions in PstI fragments of 9-4, -22 and -24 kbp was termed IP2-0. Three strains, NCTC 571 1, NCTC 8298 and NCTC 10413, shared a related profile (n = 8; Fig. 2 , track 4) which had features common to IP2.0 but carried two further insertions, in PstI fragments of 5.4 and 6.4 kbp. This was therefore termed IP2.1 to indicate common ancestry. NCTC 74 exhibited a unique profile (n = 8; Fig. 2 , track 1) but was again related by possession of the aforementioned two sites of IP2.1 and is termed IP2.2. Differences between these profiles were found in a high molecular mass and a 3.9 kbp band found only in IP2.2. The notable feature of NCTC 12023, a US strain, was a 2.1 kbp band not seen in any other strain in either set. Its profile shared two (9.4 and 24 kbp) of the three characteristic bands of IP2.0 and was termed IP2.3 (Fig. 2, track 5) .
Among the human clinical isolates, two strains exhibited the same profile with a copy number of 10. They were P220187 (DT 108) and P188691 (DT 170) (Fig. 3, tracks 6 and 9) . The fact that these strains had an identical IS200 profile indicates that these phage types are likely to be phenotypic (phage receptor site) variants of otherwise common genotype. All profiles shown in Fig. 3 were consistently reproducible. All the naturally occurring isolates carried the three serotype-specific IS200 bands found in the genetic and reference strains. Differences and groupings among them were readily observable in the two to three bands of highest molecular size. Given the difficulty of comparing individual restriction fragments of this size, these high molecular size bands were scored as a single multistate character (in the in terst rain comparisons), Six naturally occurring isolates shared the 3.2 and 7-1 kbp IS200 bands which had been previously observed in the profile IPl-0, the progenitor six-copy profile of the ' LT2 lineage '. There were two groups of closely related profiles among these strains which had profiles $:rived from IP1.0. The first group included DT 170/108 (n = 10) and DT 208 (n = ll), and was characterized by group-specific bands of 3.5 and 5 kbp (Fig. 3, tracks 9, 6 and 7). The second group of closely related profiles included those of DT 195 (n = 9), and DT 12 (n = 12) (Fig. 3, tracks 8 and 2 ). This group was characterized by a group-specific band of 15 kbp. Since these two divergent groups shared five IS200 bands with IP1.0, they were considered evolutionary derivatives of it and were respectively termed IP1.1 and IP1-2. The DT 193 representative showed characteristics of both lines. DT 204 (n = 6) and DT 49 (n = 7) had IS200 profiles (Fig. 3, IP2.0 (n = 7). The DT 204 profile (n = 6) was then considered to be the progenitor profile for this group, whilst the DT49 profile differed from it only in the position of one band. Phage type DT 104, shared the three serotype-specific bands with other S. typhimurium strains (Fig. 3, track 4 ) and showed characteristics of a hybrid line.
Plasmid analysis
As shown in This plasmid is known to determine phage type and its acquisition by strains belonging to DT 170 results in their conversion to DT 208 (Anderson et al., 1977 b) . A plasmid of 70 MDa was found in P220187 (DT 108). None of the plasmids had detectable homology with IS200 in Southern blots of analytical plasmid gels.
Discussion
The majority of the genetic/reference strains and all of the clinical phage type strains shared the same 16s rrn profile as strain LT2. The IS200 profile provided a high level of discrimination within the predominant 16s rrn profile. This is consistent with the fact that differences in the IS200 profile result both from RFLP at insertion sites and from DNA rearrangements following transposition. Nonetheless, we also observed a converse case, where strains with distinct 16s rrn profiles (Stm-RII and Strn-RIII) were found within the same IS200 profile (IP2.0).
Here, RFLP at a 16s rrn locus could discriminate within a particular IS200 profile. We have previously observed a similar case in S. dublin, where two clones with identical IS200 profile were marked by distinct 16s rrn profiles (Chowdry et al., 1993) . Strains of common chromosomal genetic origin can be described as clonal (0rskov & 0rskov, 1983) , and IS elements can play a significant role in the precise identification of clones. If one finds close similarity among strains in the number and positions of mobile IS elements, it provides evidence of recent common ancestry (Sawyer et al., 1987) whilst identity of an insertion sequence fingerprint of the chromosome should indicate clonality. Previous studies of genetic strains have indicated that transposition of IS200 is rare in the laboratory (Lam & Roth, 1983a; O'Reilly et al., 1990) . However, the higher copy numbers of the element found in the phage type strain representatives, which were recent clinical isolates, are consistent with continuous IS200 transposition. These isolates may have been through more generations of growth than those stored in culture collections, and natural selection under conditions of zoonotic transmission may also have played a role in determining IS200 copy number. In the clinical set, strains belonging to DT 108 and DT 170 shared the same IS200 profile. DT 108 is distinguished from DT 170 by resistance to typing phage 14, a phenotype which has therefore probably resulted from mutation in a single gene. Our results suggest that other than this, DT 170 and DT 108 are a single clonal line. The finding of an identical IS200 profile pair in the clinical set gave further confidence in the discriminatory power of IS200 profiling.
There were three conserved IS200 bands in PstI digests which we consider to represent serovar-specific loci, since they were common to all S. typhimurium, but were not found in S. heidelberg, S. paratyphi Bljava, S. enteritidis, S. berta, S. dublin, S. typhi or 27 other serovars examined in our laboratory. Insertions of IS200 in plasmids were not found, indicating that the profiles were chromosomal fingerprints. The serotype of S. typhimurium apparently evolved at the time when the number of genomic sites occupied by IS200 was three. These ancestral sites were among the six genetically mapped as evenly spaced around the LT2 chromosome (Lam & Roth, 1983b) . Two further IS200 bands (PstI) were specific to the major subgroup of S. typhimurium, with 'core profile' IP1.0. This PstI profile corresponds to the HincII site analysis described for strain LT2 by Lam & Roth (1983a, b) . The IP1.0 subgroup included strains as diverse in origin as NCTC 3048, an isolate from 1923, and recent mutagenesis-testing strains derived by Ames and co-workers from LT2. Its two group-specific conserved loci (PstI bands of 3-2 and 7.1 kbp) were also found in 6/9 clinical phage type strains. These six strains had five unique IS200 profiles, and copy numbers from 9 to 12. They formed two divergent groups IP1.1 and IP1-2, each with characteristic additional IS200 sites. The IP2.0/2-3 groups represent phylogenetic lines which are quite distinct from the IP1-0 group and its derivatives. The IS200 bands characteristic of each complex are absent in the other. Confirmation of phylogenetic relatedness within the IP groups is provided by the finding of DT 204 and DT 49 in the same (IP2.0) group, since previous studies have demonstrated derivation of DT 204 from DT 49 by acquisition of a plasmid coding for tetracycline resistance (Threlfall et al., 1978 ; Willshaw et al., 1980) . Similarly, DT 208, previously shown to be derived from DT 170 by acquisition of an FIme plasmid (Anderson et al., 1977b) was found in the same (IP1,l) group as DT 170.
In S. typhimurium, our data provide a picture of evolutionary radiation which has been marked by continuing IS200 transposition. The groups of strains and their interrelationships can be represented diagrammatically, incorporating a scale based on the copy number of the insertion sequence. We propose that the resulting provisional model (Fig. 4) describes the finestructure phylogenetic history of s. typhimurium and confirms that IS200 transposition occurs in nature in this serovar according to a continuous time-branching process. In the model described by Ajioka & Hart1 (1989) , the autoregulated rate of transposition, T(n), is a function of the copy number, n. Our data for S. typhimurium suggest that failure to observe IS200 transposition in the laboratory does not mean that its transposition is absent or very rare in natural biological contexts. However, where IS200 copy numbers are low, T(n) is low and only a limited number of IS200 profiles are found. This is the case for S. enteritidis, where three IS200 profiles based on a copy number of 2 were found (Stanley et al., 1991) . It is not the case for S. heidelberg, where seven profiles were found based on copy numbers of 4 to 7 (Stanley et al., 1992c) , or for S. typhimuriurn. If IS200 profiling is compared with phage typing, its relative sensitivity is seen also to depend on the range of copy numbers in a given serovar. The 27 phage types of S. enteritidis tested fell into one of three IS200 profiles. On the other hand, all except two (DT 108 and DT 170) phage type strains among the clinical isolates in this study had unique IS200 profiles. This implies that IS200 profiling may be as sensitive as phage typing in S. typhimurium: further Copy number, n 3 4 5 6 7 8 9 1 0 1 1 1 2 studies of a wider range of phage types will be needed to elucidate this point. Examination of isolates of a single phage type, DT 204c, of the serovar (N. Baquar and others, unpublished) indicates that it can be subdivided into related IS200 profiles of varying prevalence. S . typhimurium was one of three serovars whose specific antigen profile was shown by multilocus enzyme electrophoresis (MLEE) to be confined to a single cluster of closely related electrophoretic types (ETs), which were considered equivalent to chromosomal genotypes (Beltran et al., 1988) . The lines of descent identified as IS200 profile groups in this study presumably occur within that single MLEE cluster, since all share three ancestral insertion sites. Based on their analysis of six different insertion sequences in defined ETs (Selander et al., 1987) of E. coli, Sawyer et al. (1987) showed that insertion sequence loci differentiated strains with considerably more precision than did enzyme electrophoretic mobilities. We have discussed this in relation to our previous findings for IS200 in S . heidelberg (Stanley et al., 1992c) , and similar conclusions may be drawn from the present study. IS200 profiling offers highly defined molecular fingerprinting of the S . typhimurium chromosome, is relatively straightforward technically, and can be displayed in a band-matching database for strain identification. To our knowledge this is the first proposal for a fine-structure phylogenetic history of S. typhimurium strains, and the foundations of a molecular epidemiological typing scheme for this serovar are delineated.
